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We used whole exome sequence analysis to investigate a possible genetic etiology for a patient with the phenotype of 
intrauterine growth restriction, microcephaly, developmental delay, failure to thrive, congenital bilateral hip dysplasia, 
cerebral and cerebellar atrophy, hydrocephalus, and congenital diaphragmatic hernia (CDH). 

Whole exome sequencing identified a novel de novo C.2722G > T (p.E908X) mutation in the Myosin Heavy Chain 10 
gene (MYHW) which encodes for non-muscle heavy chain II B (NMHC MB). Mutations in MYHW have not been previously 
described in association with human disease. The E908X mutation is located in the coiled-coil region of the protein and 
is expected to delete the tail domain and disrupt filament assembly. 

Nonmuscle myosin lis (NM lis) are a group of ubiquitously expressed proteins, and NM II B is specifically enriched in 
neuronal tissue and is thought to be important in neuronal migration. It is also expressed in cardiac myocytes along with 
NM IIC. 

Homozygous NMHC II B7B- mouse knockouts die by embryonic day (E)14.5 with severe cardiac defects (membranous 
ventricular septal defect and cardiac outflow tract abnormalities) and neurodevelopmental disorders (progressive hydro- 
cephalus and neuronal migrational abnormalities). 

A heterozygous MYHW loss of function mutation produces a severe neurologic phenotype and CDH but no apparent 
cardiac phenotype and suggests that MYHW may represent a novel gene for brain malformations and/or CDH. 



Introduction 

Many rare genetic conditions with low reproductive fitness have 
been difficult to genetically define using methods of linkage 
and association. Genetic conditions with strong negative selec- 
tion and reduced reproductive fitness can in part be explained 
by genes with a high new mutation rate. 1 Whole exome sequenc- 
ing (WES) offers the opportunity to define many of these rare 
genetic conditions, even within single families. Common, seri- 
ous neuropsychiatric disorders like intellectual disability, schizo- 
phrenia, and autism are genetically heterogeneous and frequently 
caused by rare de novo mutations. 1 " 4 Global developmental delay 
and intellectual disability affects 3% of the general population. 
Genetic evaluation of such individuals is challenging in the 
absence of the recognizable genetic syndrome or structural chro- 
mosomal abnormalities. Mutations in more than 400 different 
genes have been associated with intellectual disability. 5 In clini- 
cal situations in which extensive conventional genetic evaluation 
(chromosome microarray and single-gene testing) has failed to 
identify the genetic etiology, whole exome sequencing with a trio 
design to compare proband and both parents has been shown to 



be particularly successful in rare genetic diseases. 2,6 Vissers et al. 
have shown that de novo mutations discovered by WES are the 
major cause of the unexplained severe developmental disability in 
a cohort of 10 patients with a moderate to severe mental retarda- 
tion. 3 In a larger cohort of 100 patients with moderate to severe 
unexplained intellectual disability, WES has been shown to have 
a diagnostic yield of 16% supporting the use of whole exome 
sequencing as a diagnostic tool for patients with unexplained 
severe intellectual disability. 7 

Results 

Case presentation. The proband is an 8 y old male from non-con- 
sanguineous family of mixed Ashkenazi Jewish and Caucasian 
ethnicity. He was born at 38 weeks of gestation via induced vagi- 
nal delivery. The prenatal history was significant for intrauterine 
growth restriction and unilateral multicystic dysplastic kidney. 
Decreased fetal movement was noted initially at the beginning 
of the third trimester. His birth weight was 5 pounds 12 ounces 
(< 5%), and his head circumference was 31 cm (< 5%). After 
birth he was noted to have bilateral dislocated hips due to an 
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Figure 1. Schematic of the de novo nonsense heterozygous mutation 
(c.2722G>T, p.E908X) in exon 22 of MY10 (uc002gll.3). Top: 41 exons 
of MY10 gene with black bars represent coding exons. The c.2722G>T 
mutation is indicated Middle: MY10 protein showing the N terminal 
SH3-like domain, motor domain, and myosin tail. Bottom: Cross species 
amino acid alignment of a portion of MY10 indicating the glutamate 
908 mutated position. 



underlying developmental hip dysplasia. He was also noted to 
have foot abnormalities consistent with talipes cavus and bilat- 
eral undescended testicles. The immediate neonatal period was 
characterized by a prolonged hospitalization, hypotonia and 
feeding difficulties. MRI of the brain in the newborn period 
was abnormal demonstrating microcephaly and small thalami 
with increased intensities in bilateral basal ganglia and thalami. 
His growth continued to be poor, and he was severely hypotonic 
and microcephalic. MRI of the brain at the age of 4 y showed 
evidence of diffuse volume loss with decreased thickness of the 
white matter and increased ventricular size. The atrophy was 
also evident in the inferior cerebellar hemispheres and inferior 
cerebellar vermis. MRI demonstrated a left sided diaphragmatic 
hernia which has not been repaired with partial herniation of the 
stomach into the chest. At the age of 8 y he is severely develop- 
mentally delayed and microcephalic. He is non-ambulatory and 
non-verbal. He uses an assistive communication device. He is 
able to recognize objects and faces. All his feeds are via gastros- 
tomy tube. 

Whole exome sequencing analysis. Exome sequencing of the 
family trio (proband, mother and father) resulted in an average 
of -19 Gb of sequence per sample. Mean coverage of captured 
regions was 154 x per sample, with > 90% covered with at least 
10 x coverage, an average of -90% base call quality of Q30 or 
greater, and an overall average mean quality score of < Q35. 
Stepwise filtering removal of common SNPs, intergenic and 375' 
UTR variants, non-splice-related intronic variants, and synony- 
mous variants resulted in -12,000 variants per sample (Table SI). 
Family history inheritance model filtering based on autosomal 
and X-linked dominant and recessive and Y-linked inheritance 
models of the proband, mother and father revealed 15 genes with 
19 alterations (Table S2). Manual review of each alteration to rule 
out sequencing artifacts and polymorphisms along with medical 
interpretation to rule out genes lacking clinical overlap with the 



patient's evaluated phenotype resulted in 1 1 genes with 14 unique 
alterations (Table S3). Among these, two notable genes with a 
single alteration each with potential clinical relevance underwent 
confirmation and co-segregation analysis using automated fluo- 
rescence dideoxy sequencing: C.626C > T (p.S209L) X-linked 
recessive alteration in BCOR and a novel variant C.2722G > 
T (p.E908X) in MYH10. Both were confirmed with dideoxy 
sequencing. Co-segregation analysis revealed that the mother is 
a carrier of the BCOR alteration which was inherited from the 
unaffected maternal grandfather; and the MYH10 alteration was 
absent in the mother, father, and brother, establishing a de novo 
origin of the alteration. 

The novel, de novo, nonsense variant p.E908X (c.2722G > 
T) in MYH10, results in premature termination of the protein 
truncating the protein with loss of the myosin tail (Fig. 1). The 
truncating loss of function mutation, the de novo nature of the 
mutation and the overlapping phenotype of our patient and mice 
deficient in MYH10 (Table 1) led us to believe this was likely a 
pathogenic mutation in our patient. 

Discussion 

We describe the application of WES to identify a novel de novo 
heterozygous p.E908X variant in MYH10 that is predicted to be 
deleterious. MYH10 (OMIM 160776) encodes the heavy chain 
of one of the three isoforms of non-muscle myosin II (NM II) 
namely NM IIB. Unlike the findings for MYH9 and MYH14, 
mutations in MYH10 have not previously been implicated in 
human diseases. NM lis are a group of ubiquitously expressed 
proteins that bind actin and are involved in cytokinesis, migra- 
tion and cell-cell adhesion. 8 " 10 In humans the heavy chains are 
encoded by three different genes {MYH9, MYH10 and MYH14) 
encoding NMHC IIA, NMHC IIB and NMHC IIC, respec- 
tively. 11 ' 12 The three NM II isoforms have considerable homol- 
ogy in primary sequence (60-80%) and have similar molecular 
structure consisting of 2 structurally defined regions. 12 The NM 
II is a hexamer composed of 2 heavy chains and 2 pairs of light 
chains. Each non-muscle heavy chain isoform has an N-terminal 
globular head or motor domain and a long ct -helix coiled coil tail 
domain. The motor domain reversibly binds actin filaments and 
contains the site for actin activated MgATP-ase activity. 13 Both 
NM IIA and IIB are critical for early mouse embryonic develop- 
ment and show overlapping localization in most of the embry- 
onic tissue with some distinct tissue specific distributions. 14 ' 15 
NM IIB is specifically enriched in neuronal tissue during mouse 
embryonic development and has been shown to be critical for 
neuronal cell migration in both cerebral cortex, cerebellum and 
pontine and facial neurons. 16,17 Furthermore, NM IIB plays 
a critical role in mouse cardiac development and is expressed 
along with NM IIC in the cardiac myocytes during embryonic 
development. 18 NM IIB is also expressed in a variety of other 
tissues including murine diaphragm. Germline homozygous 
but not heterozygous loss of function mutations in NM IIB are 
embryonic lethal by E14.5 in mice and are associated with devel- 
opment of severe progressive hydrocephalus that destroys brain 
architecture (Table l). 19 
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Table 1. Comparison 
Organ system 
Perinatal 



Central nervous 
system 

Heart (Gross) 



Heart (Microscopic) 
Diaphragm 
Other 



of human phenotype with different mice genotype for NMHC IIB 

Human HMHC IIB-B-/B- mice 



Intrauterine growth restriction 
(IUGR), oligohydramnios, unilat- 
eral multycystic dysplastic kidney 

Microcephaly, small cerebellar 
cortex, small cerebellum and 
hydrocephalus 

No phenotype 



No phenotype 

Silent congenital diaphragmatic 
hernia 

Bilateral undescended testicles, 
congenital hip dysplasia 



Intrauterine growth restriction. Perinatal lethal by 
E14.5 



Dome shaped head, hydrocephalus, disorders of 
neuronal migration, small cerebellum 

Abnormal rounded shape of the heart, defect in 
the membranous portion of the ventricular system, 
narrowing of RVOT by hypertrophied muscle, mal- 
position of the aorta to the right, overriding aorta 

Marked myocyte hypertrophy (increase in trans- 
verse myocyte diameter) from E12.5 

Failure of the ventral wall closure including ante- 
rior congenital diaphragmatic hernia 

Retinal dysplasia with rosette formation 



NMHC IIB BR709C/BR709C mice 

Mostly perinatal lethal by E14.5, IUGR 



Microcephaly, small and underdevel- 
oped cerebellum, abnormalities in 
the cerebellar foliation pattern 

Double outlet right ventricle and 
ventricular septal defect 



Cardiac myocyte hypertrophy 



The mice develop severe abnormalities in brain and heart, 
including severe progressive hydrocephalus, starting at the 
embryonic day 12.5 (E12.5) that destroys the brain architec- 
ture and prevents further investigation of the role of NM IIB 
in the brain development. 19 In order to enable study of NM 
IIB in brain development, a mouse model with a hypomorphic, 
homozygous R709C missense mutation in the motor domain 
of NM IIB was generated, and homozygous mutant mice die in 
the early postnatal period, and those that survive longer showed 
severe growth retardation and progressive hydrocephalus and 
ataxia. 16 Heterozygous mutants survive to adulthood without 
any obvious abnormalities. The homozygous mutants show 
73% reduction in the expression of the NMHC-IIB. Brain tis- 
sue obtained from homozygous mutant mice show distorted 
cerebral cortex due to hydrocephalus and small and underde- 
veloped cerebellum. In addition to small cerebellar size, the 
mice also showed marked abnormalities in cerebellar foliation 
pattern with shallow and missing fissures primarily in anterior 
and midline part of the cerebellum. The mutant mice also show 
abnormal cerebellar layer formation with decreased thickness 
of the internal germinal layer and abnormalities in migratory 
pattern of certain major groups of neurons including cerebellar 
granule cells, pontine neurons, reticular neurons of the pons, 
and facial neurons. 17 

Further studies on germline ablated NMHC IIB mice and 
R709C mutant mice show that both develop progressive hydro- 
cephalus starting from Ell. 5, although the R709C mice develop 
it at a slower rate. It appears that the hydrocephalus is commu- 
nicating with no obstruction of aqueduct of Sylvius. The spinal 
canal of these mice show invasion of neuroepithelial cells which 
are thought to be responsible for development of hydrocephalus. 
It has been shown that neuroepithelial cells surrounding the spi- 
nal canal are specifically enriched with NM II B compared with 
other areas of spinal cord. 20 

In addition to being critical for mouse brain development, 
NM IIB appears to be critical for normal development of the 
mouse heart. It has been shown that NM IIB is the predominant 



isoform present in the developing cardiac myocytes. Homozygous 
NMHC IIB B-/B- mice show abnormalities in cardiac develop- 
ment including membranous ventricular septal defect, overriding 
aorta, narrowing of RVOT due to right ventricular hypertrophy 
and marked cardiac myocyte hypertrophy. 18 In addition to major 
abnormalities in brain and heart, homozygous (NMHC IIB 
R709C) mutants also show other defects in ventral body wall 
closure including ectopia cordis, omphalocele and anterior dia- 
phragmatic hernia resembling Pentlogy of Cantrell (unpublished 
observation by X. Ma and R. S. Adelstein). 8 

Although no human mutations have been previously reported 
in MYH10, human mutations have been identified in MYH9 
which encodes for NMHC IIA. NM IIA is the predominant iso- 
form of NM II in blood cells including platelets, where myosin 
accounts for a 2% of total protein. 20 MYH-9 related disorders are 
inherited in an autosomal-dominant manner and are primarily 
characterized by hematological abnormalities including throm- 
bocytopenia with distinct giant platelets and neutrophils with 
inclusion bodies 21 ' 24 and occasionally sensorineural hearing loss, 
presenile cataracts and severe proteinuric nephropathy that can 
lead to end-stage renal disease 25 

Heterozygous missense and nonsense mutations in MYH14 
encoding the NMHC IIC isoform have been implicated in non- 
syndromic autosomal-dominant hearing loss. 26 Mutations in 
MYH14 have also been described in a family with peripheral 
neuropathy, myopathy, hoarseness and hearing loss. 27 MYH14 
is highly expressed in cochlea, peripheral nerves, brain, skeletal 
muscle and small and large intestine. 28 

Mutations in MYH10 have not yet been described in any 
known human genetic disorder. Our patient shows predomi- 
nately a severe central nervous system phenotype characterized 
by microcephaly and severe intellectual disability with marked 
cerebral and cerebellar atrophy involving both cerebellar hemi- 
spheres and vermis with development of ex-vacuo hydrocephalus. 
NM IIB is specifically enriched in neuronal cells and appears to 
be critical for a process of neuronal migration. The C-terminal 
tail domain is important for bipolar filament formation which is 
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important for cell-cell adhesion and function. The E908X muta- 
tion in our patient is located in the coiled-coil domain and is pre- 
dicted to cause the loss of essentially the whole downstream tail 
domain. There are striking similarities in the phenotype between 
our patient and the murine models of MYH10 mutations. The 
murine MyhlO knockout and missense mutations (R709C) are 
autosomal recessively inherited, and it is unclear whether the 
E908X dominant mutation in our patient acts through loss of 
function and haploinsufficiency or a dominant negative effect. 
The closely related MYH9 gene that encodes for NMHC-IIA, 
one of the other NM lis, has been extensively studied and sug- 
gests that the human mutation may act by a dominant negative 
effect. Human M KH9-related disorders are due to heterozygous 
missense and premature termination mutations that are domi- 
nantly inherited. In the mouse, heterozygous Myh9 knockouts 
have no phenotype while homozygous knockouts are embryonic 
lethal at day 7.5 because of the failure of visceral endoderm for- 
mation. 29 This parallels MYH10. 

Franke et al., studied the 4 most common MYH9 human 
mutants (R1165C, D1424N, E184lKandR1933X) in vitro using 
electron microscopy to analyze paracrystal morphology to visual- 
ize assembly of individual myosin-II molecules. To participate in 
cellular contractility, NM lis must first form functional bipolar 
filaments after dimerization. All 4 mutants failed to assemble 
normally when visualized by electron microscopy, and none of 
the four mutations formed large, well ordered paracrystals but 
formed only aberrant chain-like structures. To study the poten- 
tial dominant negative effect, the R1933X mutant was mixed 
with the wild type allele, and aberrant chain-like structures simi- 
lar to the mutant alone were predominately observed, supporting 
a dominant negative mechanism. With insufficient wild-type fil- 
ament, there is loss of contractility and impaired cellular dynam- 
ics of the affected cells. 30 We propose that our patient's E908X 
MYH10 mutation may act through a similar dominant nega- 
tive mechanism. Further functional studies to analyze whether 
mutant protein is expressed are needed to address these questions. 

In summary, we describe for the first time an association of a 
novel nonsense heterozygous de novo mutation in MYH10 gene 
with a human phenotype characterized by severe intellectual dis- 
ability, microcephaly and congenital diaphragmatic hernia. The 
disease-association of this novel gene is supported by its de novo 
occurrence, the deleterious nature of nonsense alterations, the 
gene function, and the phenotype observed in mice with loss of 
function mutations in the same gene. A major limitation of this 
study is that there is only a single patient identified with a de 
novo novel variant in MYH10. Functional in vitro analysis to 
further define the impact of the altered gene would also substan- 
tiate these findings. We encourage others engaged in the genetic 
study of children with intellectual disabilities and/or CDH to 
include MYH10 as a candidate gene in genetic studies to find 
additional similarly affected patients in order to better define this 
novel clinical disorder. 



Material and Methods 

DNA from the parents and proband were prepared using the 
SureSelect Target Enrichment System (Agilent Technologies). 
The exome libraries were sequenced using paired-end, 100-cycle 
chemistry on the IlluminaHiSeq2000 (Illumina). Sequence qual- 
ity filtering was executed with the Illumina CASAVA software 
(ver 1.8.2, Illumina). Data yield (Mbases), %PF (pass-filter), # of 
reads, % of raw clusters per lane, and quality scores were examined 
in Demultiplex_Stats.htm file. The sequence data were aligned to 
the reference human genome (GRCh37), variant calls generated 
using CASAVA and Pindel, and alterations annotated with the 
Ambry Variant Analyzer tool (AVA) including sequence changes 
on cDNA and protein, nucleotide and amino acid conservation, 
population frequency, predicted functional impact (including 
PolyPhen and SIFT in silico prediction tools), etc. Exons plus 
at least 2 bases into the 5' and 3' ends of all the introns were 
analyzed. Multiple sequence alignments were viewed using IGV 
(integrative genomics Viewer software). Data analysis focused 
on nonsense variants, small insertions and deletions, canonical 
splice site alterations or non-synonymous missense alterations. 
The Human Gene Mutation Database (HGMD), the Single 
Nucleotide Polymorphism database (dbSNP), 1000 genomes, 
HapMap data and online search engines (e.g., PubMed) were 
used to search for previously described gene mutations and poly- 
morphisms. The filtering pipeline protects all variants annotated 
within the Human Gene Mutation Database (HGMD) and/or 
the Online Mendelian Inheritance in Man (OMIM) databases. 
Stepwise filtering included the removal of common SNPs, inter- 
genic and 375' UTR variants, non-splice-related intronic vari- 
ants, and lastly synonymous variants. Variants were then filtered 
further based on family history and possible inheritance models. 
Identified candidate alterations were confirmed using automated 
fluorescence dideoxy sequencing. Co-segregation analysis was 
performed using each available family member. Amplification 
primers were designed using PrimerZ PCR primers were tagged 
with established sequencing primers on the 5' end. Sequencing 
was performed on an ABI3730 (Life Technologies) using stan- 
dard procedures. 
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